Abstract-A circularly polarized patch antenna fabricated using commercially available, low-cost, printers is described. Two additive processes are combined for the fabrication: stereolithography (SLA) and inkjet printing of silver inks. A widely available SLA 3D printer is employed to fabricate the substrate of the antenna. Inkjet printing is used to deposit the metallic layers of the radiating element on the substrate. The two machines employed are very lowcost in comparison to those used in previously reported work. Good adhesion of the metallic patterns to the substrates is observed. Furthermore, the resistance of the added metallic patch is relatively low. The aim is to demonstrate the use of alternative, inexpensive machines, for the prototyping and manufacturing of antennas on 3D printed substrates. In this work, the antenna operates at the 1.575GHz GPS frequency band. Finite-difference-timedomain simulations compare well with the practical experiments.
INTRODUCTION
Additive manufacturing (AM), also known as 3D printing, is a process of fabricating a 3D digital design by printing layer after layer. 3D printing has advanced very rapidly in recent years and has become an alternative to traditional manufacture methods for customized objects. Originally intended for the prototyping of mechanical objects, this technique has expanded into different areas such as biomedical [1] and electronics [2] . Within electronics, antennas and microwave engineering can greatly benefit from this technology. Researchers have already demonstrated the potential applicability of 3D printing in this field. Light weight waveguides have been fabricated by copper plating plastics forms [3] . Substrates for antenna applications have been modified and new properties have been found with the assistance of additive manufacturing [4] . Novel frequency selective structures (FSS) have been developed by fully [5] and partially [6] metalizing 3D printed elements. Non-uniform electromagnetic band gap structures have been fabricated on printed substrates [7] . Antennas have been placed onto wearables and tested on 3D printed phantoms [8] [9] . Another area were additive manufacturing has advance rapidly is in the development of nanoparticle silver inks that can be used for inkjet printing technology. This has led to many papers on electronic devices using this technique. Most of the published work have used planar, uniform and thin sheets made of cellulose or polyethylene terephthalate (PET). Sensors [10] , RFID Tags [11] - [12] , RF energy harvesting devices [13] , antennas [14] and FSS [15] have been reported. An antenna for energy harvesting applications has recently been proposed were inkjet printing of nanosilver inks is combined with 3D printed substrates [16] . The work was carried out using printing equipment which is relatively expensive and inaccessible for home use. This paper presents the use of low cost printers for the development of antennas which are entirely fabricated by additive processes. Inkjet printing of silver conductive ink is combined with stereolithography (SLA) printing to achieve this. The design used for this demonstration is a circularly polarized (CP) patch antenna, designed to work on the GPS L1 frequency band. The finite-difference time-domain method included in CST Microwave Studio TM was used for all the simulations in this paper.
II. ANTENNA DESIGN AND SIMULATIONS
An illustration of the circularly polarized patch antenna is shown in Fig. 1 . The main dimensions are given in Table I . The antenna consists of a rectangular patch element on a square substrate of side 100mm and height 3mm. In order to obtain the required right hand circular polarization (RHCP), the antenna is probe fed with the location of the probe placed on the diagonal from the top left corner to the bottom right corner. The dielectric permittivity of SLA printed substrates were measured externally through a transmission line system, and was given as 2.83 with loss tangent of 0.038.
The simulated reflection coefficient of the antenna is shown in Fig. 2 . The designed antenna had a resonant frequency at 1.575 MHz and a -10 dB bandwidth of 7%. The simulated axial ratio seen in Fig. 3 indicates circular polarization at the intended frequency band.
III. FABRICATION AND MEASUREMENTS

A. Fabrication
The Formlabs Form 1+ printer [17] was used for the fabrication of the substrate. The Form 1+ uses a stereolithography (SLA) process where a laser cures layers of UV sensitive resin. The process gives a smoother finish, compared to the alternative low-cost 3D printer methods. This makes it more suitable for combining with inkjet printing as it gives a better surface to bond the silver conductive ink onto. The resin selected was the clear material provided by Formlabs [17] . A 100 x 100 x 3 mm substrate was printed using the SLA machine. 30 layers of thickness 0.1mm were necessary to achieve the required height. The surface roughness was measured to be 206.2 nm and the 2D representation of the surface profile can be seen in Fig. 4 .
The inkjet printer used was the Argentum from Cartesian Co. [18] . The printer is designed specifically for printing silver conductive ink. It uses two cartridges in tandem to print each layer, printing a layer of silver nitrate solution and then a layer of ascorbic acid (Vitamin C) which chemically reacts to leave the silver metalized layer. Any excess is washed off as the solution is water soluble. An investigation of this chemical processes indicating the conductivities achieved on various substrates is reported in [19] . As expected, it was found that the greater the number of layers the lower the resistance. A metallic patch of the dimensions in Fig.1 and Table I was fabricated and is shown in Fig.5 . 25 layers were necessary in order to achieve low resistance on the radiator. A very reasonable resistance of 0.4 ohms was measured across the patch after the process was completed. The nature of the deposition of the silver, led to an uneven surface profile as shown in Fig.6 . The surface roughness of the printed patch was measured to be 7183 nm. To complete the fabrication, a brass ground plane of 100mm by 100mm was placed on the underside of the substrate. A 1.3mm hole was then drilled through the ground plane and the substrate at the location indicated in Fig. 1 to place the SMA connector for the feed line. The SMA connecter was soldered to the ground plane. Silver epoxy glue was used to connect the patch as soldering could damage the substrate and antenna.
B. Measurements
The measured S11 response of the patch antenna is shown in Fig. 7 . Measurements compared very well with simulations. The resonant frequency was measured at 1.6 GHz with a reflection coefficient of -15 dB and a -10 dB bandwidth of 7%. There was a second resonant mode at about 2.4Gz. The resonant frequencies were less than 1% higher than those obtained in the simulations.
The simulated radiation patterns are shown in Fig. 8 . Patterns were those expected for a patch antennas. The directivity was 7dB at 1.6GHz and 5 dB at 2.4 GHz. 
IV. CONCLUSIONS AND DISCUSSIONS
The combination of stereolithography (SLA) and inkjet printing has been proven to be suitable for the fabrication of antennas. This can be realized using the low cost printing equipment described in this paper. SLA printing produces surfaces which are sufficiently smooth to support inkjet printing. An inkjet printing technique employing silver ink and ascorbic acid seems to adhere very well to the surface of the SLA substrate. It also produces relatively low resistance when a large number of layers are printed.
A patch antenna was designed, fabricated and tested in this demonstration. The measured results of the printed antenna compared very well with the simulations. Only a small change in the resonant frequencies was found. The performance is comparable to previously reported work, but with the advantage of using lower cost printing machines which are suitable for home use. Although the design is relatively simple, it opens up opportunities in terms of antennas printed on modified substrates. These altered substrates may have internal features which can improve the performance of the antenna [4] . Furthermore, there is a range of SLA resin with different properties which can lead to antennas customized to a specific application. Another further possibility is to control the deposition of the metallic layers, and therefore optimize the currents in the antennas as well as the amount of silver ink used. 
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